Calcium (Ca) supplements, especially Ca carbonate (CaCO 3 ), are the main alternative sources of dietary Ca and an important part of a treatment regimen for osteoporosis, the most common metabolic bone disorder of aging and menopause. In a female ovariectomized (OVX) rat model for studying postmenopausal osteoporosis, we tested the hypothesis that a small compared with a large particle size of CaCO 3 (13.0-vs. 18.5-mm geometric diameter) would result in increased Ca balance and subsequently bone mass and that this would be affected by dietary Ca level. We used 6-moold rats that were OVX either at 6 or 3 mo of age as models of early or stable menopausal status, respectively. The rats received semipurified diets that contained either 0.4 or 0.2% dietary Ca provided from CaCO 3 of 2 particle sizes. A group of Sham-operated rats with intact ovaries served as control and were fed 0.4% dietary Ca from large particles. Estrogen deficiency as a result of ovariectomy had an adverse effect on bone density, mineral content, and bone mechanical properties (P , 0.001). Reducing dietary Ca from 0.4 to 0.2% resulted in significant adverse effects on bone density and mechanical properties (P , 0.001). The particle size of CaCO 3 did not affect total Ca balance, bone dual energy X-ray absorptiometry and peripheral quantitative computed tomography indices, bone ash and Ca content, or the mechanical determinants of bone strength. We conclude that a decrease in particle size of CaCO 3 to 70% of that typically found in Ca supplements does not provide a benefit to overall Ca metabolism or bone characteristics and that the amount of Ca consumed is of greater influence in enhancing Ca nutrition and skeletal strength.
Introduction
Calcium (Ca) 5 supplements are important alternative sources of Ca that have positive effects in minimizing bone loss during aging in some (1-4), but not all (5), studies. The advantages of Ca supplements to bone are realized when vitamin D status is adequate (6) . Ca and vitamin D supplementation are recommended as a first line of defense against osteoporosis (7), especially for those who do not consume the levels of dairy products recommended by the 2005 Dietary Guidelines for Americans (8) . The bioavailability of Ca varies in Ca supplements and can be affected by such factors as disintegration, solubility, chelate formation, and food-drug interactions (9) (10) (11) (12) .
Although solubility of a Ca source at neutral pH has been reported to have little effect on absorbability (13) , the amount of Ca available during absorption is dependent in part on its dissolution by the influence of gastric acidity (14) . Except for some cases of intact absorption of chelates (e.g. Co in vitamin B-12), it is usually assumed that the most soluble and therefore most absorbable form of any element is its simple ionic state, i.e. Ca 2+ ion in this case. To release the maximum amount of ion from a salt, disintegration of the salt (15) and subsequent solubility and dissociation of the ion can be enhanced by reducing the particle size and increasing the amount of surface area. No studies to our knowledge have investigated the effects of CaCO 3 particle size on Ca retention and bone parameters in human or animal models. Guinotte et al. (16) investigated the difference between coarse and fine CaCO 3 particle size on Ca solubility in poultry. The ratio of soluble:insoluble Ca in the gizzard was 11-fold higher in chicks ingesting fine Ca compared with those fed coarse Ca in their diet. However, the particle sizes studied in poultry were much larger than the typical size found in human dietary supplements.
We tested the hypothesis that a smaller particle size of CaCO 3 would result in an increased Ca balance and a consequent bone mass in rats. Because human studies have shown that the efficacy of Ca supplementation can depend on both the stage of menopause (17) and amount of supplementation (18, 19) , we used ovariectomized (OVX) 5 rats as a model to evaluate the effect of particle size under the conditions of early and stable menopause and adequate and inadequate Ca intake.
Materials and Methods
Rats and study design. Rats were maintained and treated under protocols approved by the Purdue University Animal Care and Use Committee. A total of 265 female Sprague Dawley rats (from Harlan International) were used in 2 experiments ( Table 1) . Rats in Expt. 1 and 2 were OVX at 6 and 3 mo of age, early and stable OVX, respectively, and started the experimental diets at 6 mo of age. Dietary CaCO 3 supplements were provided by Delavau. Particle sizes of the Ca supplements were assessed using laser diffraction with a Beckman Coulter LS 1320. The larger size is typically used in commercially available supplements and had a particle geometric diameter (mean, median, SD) of 18.55, 17.04, and 13.56 mm. Further grinding of the large-size product produced the smaller particle size with a diameter of 13.39 mm, 11.52, and 10.4 (mean, median, SD). Semipurified diets (AIN 93M) (20) were prepared from the 2 particle sizes of CaCO 3 . Diets contained 0.4 or 0.2% Ca, levels previously shown to provide adequate or marginal Ca to rats, respectively (21) .
Both experiments included additional similar rats that underwent a Sham OVX procedure and served as control groups. These rats were fed a 0.4% Ca diet from the standard 18.5-mm particle size. Rats in Expt. 1 and 2 were killed using CO 2 gas at 8 and 9 mo of age, respectively.
Data and specimen collection. Food intake and body weight were monitored weekly throughout the experiments. During the last week of each experiment, a whole-body scan of rats from selected groups was obtained by dual energy X-ray absorptiometry (DXA) using a Prodigy scanner (GE Lunar) to examine the whole-body bone mineral density (BMD), bone mineral content (BMC), and fat content. All OVX rats were then placed in individual metabolic cages to measure a complete Ca balance, which consisted of dietary intake and urinary and fecal excretion, over 2 consecutive days. At termination, L4 vertebrae, femora, and tibiae were collected from each rat. Various measurements were conducted on the bone samples. The vertebrae were fixed in 10% neutral buffered formalin for 24 h and then stored in 70% ethanol at 48C for imaging by peripheral quantitative computed tomography (pQCT) (XCT Research SA; Stratec Medizintechnic). Each scan was acquired with a 0.12-mm voxel size and the scan line was adjusted using the scout view of the software (Stratec, version 5.50d; Stratec Medizintechnic). A constant threshold of 364 mg/cm 3 was used to segment the bone area from the marrow regions. Total, trabecular, and cortical volumetric BMD and the total trabecular area were measured for each sample. One tibia and a femur from each rat were cleaned of soft tissues and measured by pixi DXA (GE Lunar) for BMD and BMC. Volumetric density of the bones was also estimated by the weight change in water method (22) to calculate bone mass per unit volume. Bones were then ashed in a muffle furnace at 5008C for 18 h and weighed to measure BMC. Bone ash concentration, which has been shown to be very sensitive to different levels of Ca intake (23) , was determined by ratio of ash weight:bone volume. Ash then was dissolved in 70% nitric acid (JT Baker) overnight. The acid ash mixture was diluted with distilled water and further with 0.1% lanthanum chloride for Ca measurements. The Ca content in all samples, including that collected from balance studies, was assayed by atomic absorption spectrometry (AAnalyst 300; Perkin Elmer) using standard procedures.
Contralateral limb bones dissected for mechanical testing were wrapped in saline-soaked gauze and stored at 2208C until testing, when they were thawed at room temperature and kept wet using 0.9% saline solution. Three-point bending tests were performed at the mid-diaphysis of all femurs and tibias using a servohydraulic machine (MTS-810, MTS). Bones were consistently oriented for testing with the anterior cortex in tension. Mechanical properties including bone ultimate load (breaking force), structural toughness (energy to failure), and stiffness (rigidity) were determined from the force deformation curves (24) .
Statistical analysis.
Results are presented as means 6 SE. In each experiment, a comparison was made using 1-way ANOVA between Sham and OVX groups receiving the same diet. Two-way factorial ANOVA was used to determine the main effects and possible interactions of dietary Ca levels and particle size on Ca balance and bone parameters in OVX groups. An effect was considered significant at P # 0.05. Wholebody DXA indices were also compared in response to particle size of CaCO 3 and the stage of ovariectomy (Table 6 ) with adjustment for multiple comparisons using Bonferroni test to maintain an overall type 1 error rate of 0.05. For all parameters with significant P-values, intergroup differences were determined with the Tukey pairwise test. Statistical analyses were performed using Minitab 15 statistical software.
Results
In both experiments, ovariectomizing rats resulted in an increase in body weight within 1 wk of surgery, which was maintained throughout the experiment. OVX rats were 15% heavier than those in the Sham group by wk 2 after surgery. Estrogen deficiency was associated with increased food intake, which has been previously reported in rats and humans (25) (26) (27) . Feed intake, feed efficiency (data not shown), and body weight (Tables 2 and 3) of the rats were not affected by dietary level of Ca or CaCO 3 particle size.
Expt. 1 (early OVX rats). Estrogen deficiency in OVX rats resulted in a lower femoral BMD, BMC, and Ca content (P , 0.001) compared with the Sham group ( Table 2 ). The Ca content of the tibia was also 9% lower (P , 0.001) in OVX rats, which was reflected in a 4% lower tibial ash weight/dry bone weight (P , 0.001).
Rats receiving 0.2% compared with 0.4% dietary Ca had a lower femoral BMC (P = 0.05) that was associated with adverse effects on mechanical properties of bone ( Table 4 ). The femoral ultimate load and toughness were 7 and 16% lower in rats receiving low Ca in their diet, respectively (P , 0.001). Balance data showed that reducing dietary Ca by one-half resulted in a decrease in fecal Ca by 50% (P , 0.001) and in urine by 15% (P = 0.01). However, overall Ca balance did not differ between the groups (Table 4) . The size of the CaCo 3 particle in the diet did not affect Ca balance, BMD, or bone strength. There was also no interaction between dietary Ca and the supplement particle size for these variables (Table 4) .
Expt. 2 (stable OVX rats). Similar to Expt. 1, ovariectomizing rats resulted in continued adverse effects on bone parameters. The OVX rats had lower BMD, BMC, and bone ash compared with the Sham group (Table 3 ) (P , 0.001). Unlike Expt. 1 in which femoral strength and toughness were not affected by estrogen deficiency, the mechanical properties of femurs were adversely affected in this experiment, perhaps due to longer duration of estrogen deficiency. This was demonstrated by lower femoral ultimate load (8%), toughness (11%), and bone stiffness (6%) in OVX rats compared with the Sham group (P , 0.001) ( Table 3 ). Tibial mechanical measurements were not affected by ovariectomizing rats. The pQCT scanning of L4 vertebrae showed that the trabecular bone area was 15% higher (P , 0.001) in OVX rats, reflecting a higher bone remodeling rate compared with the Sham group. The vertebral bone loss as a result of estrogen deficiency was 24% (P , 0.001) as measured by pQCT. This was accounted for by bone loss in both trabecular (27%; P , 0.001) and cortical bone (3%; P , 0.001) compared with Sham-operated rats.
Feeding rats 0.2% Ca compared with 0.4% Ca had adverse effects on bone characteristics ( Table 5) . Rats receiving the inadequate Ca diet had a lower femoral bone density (P , 0.001), ash concentration (P = 0.002), and bone stiffness (P = 0.03). The tibial bone density, ultimate breaking load, and stiffness were also lower in rats fed the lower Ca diet (P , 0.05). The pQCT data of the vertebral bone also showed a lower density of trabecular, but not of cortical bone, in the 0.2% Cafed rats (P = 0.003) ( Table 5) . They also had a 50% lower Ca excretion in feces and 30% less Ca in urine than rats fed 0.4% Ca (P , 0.001), but overall Ca balance was not affected by dietary Ca concentration.
Bone characteristics or Ca balance did not differ as a result of small or large CaCO 3 particle size in diets. The vertebrae scanned by pQCT also showed no affect of particle size. Dietary Ca level and the particle size of the Ca supplement did not interact to affect the variables measured.
Whole-body DXA. In both experiments, whole-body BMD was lower in the OVX rats than in the Sham group (P , 0.001) and the body fat content was at least 3 times that of Sham group in early OVX rats and more than 2 times that of the Sham group in stable OVX rats (P , 0.001) ( Table 6 ). The content of body fat was less in the stable OVX rats than in early OVX rats. The stable OVX rats had greater whole-body BMC than early OVX rats (P , 0.001) due to being 1 mo older at the time of termination, but whole-body BMD did not change. Providing dietary Ca to OVX rats from large compared with small particle sizes of the supplement did not differentially affect whole-body BMC, BMD, or fat content.
Discussion
We hypothesized that a smaller particle size of CaCO 3 in rat diets would improve bone mass via increased Ca balance. (28, 29) , but this is unlikely to be related to Ca absorption. Because eggshell is usually calcified during the night when no Ca is available from the feed, the advantage of using coarser and less soluble particles is the constant release of Ca, with consequent lower mobilization of Ca from bone (30, 31) . Therefore, Ca salts with larger particle sizes have an indirect sparing effect on bone and no influence on the mechanism of Ca absorption. In this experiment, the range of particle size, expressed as mean geometric diameter, was broad within each product and the distribution about the mean was not normal. We did not observe a difference in Ca retention due to particle size. Power calculations showed that with the SD and sample size in our study, we had an 80% chance to detect a significant difference in Ca retention of 19.2 mg/2 d at P , 0.05. The small size of the particle is unlikely to affect Ca uptake at the enterocyte level, because Ca is absorbed in its ionic form, with an ionic radius scale of picometer (1 3 10 212 m) compared with the finest supplemental Ca of micrometer (1 3 10 26 m) scales. Particle size, however, may influence overall Ca absorption outside the range used in our study. For example, nanotechnology has been reported to improve the absorption rate of drugs or nutrients due to an increase in surface area and resulting solubility of the particles (32) (33) (34) . The process involves milling micrometer-to nanometersized drug crystals. Nanometer-compared with micrometersized pearl powder has shown a higher bioavailability of Ca in humans as assessed by serum and urinary Ca and serum parathyroid hormone concentrations (35) . In rats, supplementing the diet with nano-Ca-enriched milk was reported to increase urinary excretion of Ca (36) . The study was limited in sample size. The authors also reported a lower feed efficiency in supplemented rats but did not explain their finding. Nevertheless, there is no report to our knowledge on the effect of supplementation with nanometer-scale Ca particles on the endpoint bone parameters. We studied a practical range from a commercial production standpoint.
On the other hand, the amount of Ca is a major determinant of Ca absorption. Although Ca absorption efficiency decreases with increasing Ca load, the total amount absorbed still increases (37) . The Ca intake is particularly important in acquiring peak bone mass during puberty to protect later in life against bone fracture risks (38,39). The ex vivo bone measurements in rats fed marginal dietary Ca in these experiments showed a decrease in bone density and consequent mechanical measures. We targeted 0.2% as a suboptimal Ca intake rather than a more overt Ca-deficient diet, such as 0.02% Ca as studied by others (40) . In contrast to our data that reducing dietary Ca from 0.4 to 0.2% in rats adversely affected the bone mechanical properties, Breitman et al. (41) found no difference in femoral or vertebral BMD and peak load between OVX rats fed 0.2 or 2.5% Ca diets. They also reported that femoral toughness, which was 15% lower in rats fed the lower level of Ca was not different between the 2 groups. It appears that their study did not have enough power to detect significant differences due to the small sample size (n = 10/group). Our data suggest that strategies focusing on enhancing the Ca intake can be more effective in improving overall Ca nutrition than those modifying products for greater Ca absorbability.
Reducing dietary Ca from 0.4 to 0.2% resulted in a decrease in fecal Ca loss by 50% and urine Ca loss by 15-30% (P , 0.001) with no difference in total Ca balance. Therefore, it was somewhat surprising that bone strength was adversely affected. The apparent discrepancy is likely due to the lower sensitivity of balance assays relative to a number of bone measures such as BMD, BMC, and mechanical properties. Therefore, whereas the Ca balance was adaptively maintained in rats fed the low-Ca diet, bone strength was negatively affected, suggesting that the body's mechanisms to excrete less Ca at marginal intakes are not sufficient to support the structural integrity of bone.
Bone parameters were also largely diminished in response to ovariectomy. Comparatively, hormone deficiency exceeded the effects of low dietary Ca on bone, regardless of whether the rats were recently or were stable OVX. Consistent with other studies (42) (43) (44) , ovariectomy led to a reduction in bone density at a number of skeletal sites. The mechanism by which estrogen deficiency causes bone loss is still under investigation (45, 46) . The bone antiresorptive activity of estrogen is a result of multiple genomic and nongenomic effects of the hormone on bone marrow and bone cells, which decrease osteoclast differentiation and capacity of bone resorption and increase their apoptosis via modulation of immune system cytokines (47) . Our study included a large sample size to examine various Ca and bone parameters in response to the particle size of the Ca supplement and to early and stable hormone deficiency. Bone parameters were unaffected by particle size of the Ca supplement in rats that underwent oviarectomy either immediately or 3 mo before the feeding trial. In contrast, bone parameters were largely diminished in response to inadequate dietary Ca and to estrogen deficiency. We conclude that hormonal status and an adequate intake of Ca are major factors in determining Ca and bone status and particle size of the Ca supplement has no effect.
